Abstract Aims/hypothesis: Type 1 diabetic subjects are at increased risk of cardiovascular disease and exhibit multiple qualitative abnormalities of apolipoprotein (apo) B100-containing lipoproteins. This stable isotope kinetic experiment was designed to study whether these abnormalities are associated with changes in the synthesis and fractional catabolic rates of VLDL-, IDL-and LDLapoB100. Methods: Using a bolus followed by a 16-h constant infusion of 13 C-leucine, we performed a kinetic study in eight men with type 1 diabetes treated with a continuous subcutaneous insulin infusion administered by an external pump and in seven healthy men, in the fed state. Results: The mean HbA 1 c level in the type 1 diabetic patients was 8.00±1.48%. Plasma triglyceride, and total, LDL and HDL cholesterol levels were similar in patients and control subjects. VLDL were less triglyceride rich in type 1 diabetic patients than in control subjects (VLDL triglyceride : apoB 6.91±0.81 vs 8.29±1.24 mmol/ g, p=0.05). Conversely, the IDL and LDL of the type 1 diabetic patients contained relatively higher levels of triglycerides (IDL triglycerides : apoB 2.16±0.36 vs 1.57± 0.30 mmol/g, p<0.01; LDL triglycerides : apoB 0.27±0.06 vs 0.16±0.04 mmol/g, p<0.05). The apoB100 pool size, production and fractional catabolic rates in the two groups of subjects were similar for all lipoprotein fractions. Conclusions/interpretation: Despite qualitative abnormalities, especially abnormalities of triglyceride content, the metabolism of apoB100-containing lipoproteins is not altered in type 1 diabetic men with fair glycaemic control with continuous subcutaneous insulin infusion. The high risk of atherosclerosis in these patients cannot be explained by kinetic abnormalities of apoB100-containing lipoproteins.
Introduction
Patients with type 1 diabetes mellitus have an increased risk of premature atherosclerosis. Quantitative plasma lipid abnormalities characterised by moderate hypertriglyceridaemia and hypercholesterolaemia have been reported in patients with poorly controlled type 1 diabetes [1, 2] . Patients with good-to-fair glycaemic control have plasma triglyceride and cholesterol concentrations similar to those observed in healthy subjects; however, qualitative abnormalities have been observed in patients treated with subcutaneous insulin, despite normal plasma lipid levels. VLDL particles have been demonstrated to be rich in cholesterol and poor in triglycerides, resulting in an increased cholesteryl ester : triglyceride ratio in these particles [3, 4] . Conversely, triglyceride enrichment and/or a moderate decrease in the cholesteryl ester : triglyceride ratio has been observed in LDL in type 1 diabetic patients with good-tofair glycaemic control [5, 6] .
In this paper we report on the first apolipoprotein (apo) B kinetic study of the VLDL→IDL→LDL cascade using endogenous stable isotope labelling. We studied type 1 diabetic patients with fair metabolic control under continuous subcutaneous insulin infusion administered by an external pump. The study was designed to evaluate whether abnormalities in the composition of apoB100-containing lipoproteins in type 1 diabetic subjects treated with sub-cutaneous insulin are associated with alterations in the kinetic parameters of these lipoproteins, in order to obtain further insight into the mechanisms underlying the increased risk of atherosclerosis in these patients.
Subjects and methods

Subjects
We studied eight men with type 1 diabetes and seven healthy men (control subjects). The type 1 diabetic subjects had been treated with subcutaneous insulin administered by an external pump (506 or 507 MiniMed pump; Medtronic MiniMed, Northridge, CA, USA) for at least 1 year (average 4.9±4.3 years). They had no diabetic complications (microalbuminuria <20 μg/min) and were not taking any medication known to affect lipid metabolism. Control subjects were in good health, had normal fasting plasma glucose levels and were not taking any medication known to affect lipid metabolism. The study protocol was approved by the ethics committee at Dijon University Hospital and written informed consent was obtained from each subject.
Experimental protocol
The kinetic study was performed in the fed state. Patients were fed a leucine-poor diet (1,700 kcal/day; 55% carbohydrate, 39% fat and 7% protein) that was divided into small portions and given every 2 h, starting at 6 h prior to the tracer infusion up to the end of the study. This was done to avoid important variations in apoB100 hepatic secretion, as reported previously by our group [7] [8] [9] . The endogenous labelling of apoB was carried out by the administration of L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]leucine (99 atom%; Eurisotop, Saint Aubin, France) dissolved in a 0.9% NaCl solution. At 08.00 hours each subject received an intravenous primed infusion of 0.7 mg/kg of tracer, which was immediately followed by a 16-h constant infusion of 0.7 mg·kg
. Blood samples were drawn and collected in tubes containing a gel separator but no anticoagulant (Becton Dickinson, Meylan, France) at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 15 and 16 h after the primed infusion. Serum was separated by centrifugation for 10 min at 4°C and 3,000×g.
The type 1 diabetic patients received a bolus of insulin (4-6 U) at 08.00, 12.00, 18.00 and 22.00 hours. The same total amount of insulin was administered in the boluses as usual, but it was fractionated into four instead of three boluses.
Analytical procedure
Isolation of apoB100 Gradient ultracentrifugation was used to isolate VLDL, IDL and LDL from plasma, using an SW41 rotor in an L90 ultracentrifuge (Beckman Instruments, Palo Alto, CA, USA). The VLDL fractions were then dialysed against 10 mmol/l ammonium bicarbonate buffer, pH 8.2, containing 0.01% EDTA, 0.013% sodium azide. VLDL fractions were delipidated for 1 h at −20°C using 10 volumes of diethylether-ethanol 3:1 (v/v). VLDL apoB was isolated by preparative SDS-PAGE. In brief, the delipidated apoB-containing material was solubilised in 0.05 mol/l Tris buffer, pH 6.8, containing 3% SDS, 3% mercaptoethanol, 10% glycerol, and applied to a 3-mm thick vertical slab gel (3% acrylamide). After staining with Coomassie Blue R-250, apoB100 was cut from the gel. IDL-and LDL-apoB were isolated by selective precipitation with butanol-isopropyl ether, as described previously [10] . ApoB100 was hydrolysed in 6 N HCl at 110°C for 16 h. VLDL samples were then centrifuged to remove polyacrylamide. VLDL, IDL and LDL supernatants were lyophilised in a SpeedVac (Savant Instruments, Farmingdale, NY, USA). To totally remove the acrylamide, lyophilised samples of VLDL were dissolved in 50% acetic acid, applied to an AG-50W-X8, 200-400 mesh cation exchange column (Bio-Rad, Richmond, CA, USA), and amino acids were recovered by elution with 4 N NH 4 OH and then lyophilised.
Determination of leucine enrichment by gas chromatography/combustion/isotope ratio mass spectrometry Amino acids were converted into N-acetyl-O-propyl esters and then analysed on a Delta Plus Advantage isotope ratio mass spectrometer (Finnigan Mat, Bremen, Germany). Isotopic enrichment was initially expressed in delta (in units of ‰) and was converted into tracer : tracee ratios prior to modelling [11, 12] .
Modelling Data were analysed with the Simulation Analysis and Modelling (SAAM) II program (SAAM Institute, Seattle, WA, USA) using the multicompartmental model shown in Fig. 1 . A forcing function, corresponding to the plateau value for VLDL-apoB enrichment, was used to drive the appearance of leucine tracer into the different lipoprotein fractions [8, 9, 13] . The delay compartment represents the time required for the synthesis of apoB100 and its secretion into the plasma. Compartments 3, 4 and 5 represent plasma VLDL-, IDL-and LDL-apoB100, respectively. A direct IDL-and LDL-apoB input was required to improve the fit to experimental data, as previously employed by other groups [14, 15] .
As the experiment was conducted under steady-state conditions, the fractional synthetic rate was equal to the fractional catabolic rate (FCR). The direct FCR of VLDLapoB and the FCR from VLDL to IDL were equal to k (0,3) and k(4,3), respectively. The total VLDL-apoB FCR was the sum of k(0,3) and k(4,3). The direct FCR of IDLapoB and the FCR from IDL to LDL were equal to k(0,4) and k(5,4), respectively. Total IDL-apoB FCR was the sum of k(0,4) and k(5,4). LDL-apoB FCR was k(0,5).
The production rate of each lipoprotein fraction was calculated as the product of its total FCR and its pool size, divided by body weight. Pool size was calculated as the product plasma volume and the apoB plasma concentration of the lipoprotein fraction. Plasma volume was estimated to be 4.5% of body weight [9, 15] .
The pool sizes of VLDL-, IDL-and LDL-apoB were determined by calculating the mean apoB measurement of four taken at different times (0, 4, 8 and 12 h after the beginning of tracer infusion) and correcting this compared with plasma measurements. The same correction factor was applied to VLDL-, IDL-and LDL-apoB. The composition of the different lipoprotein fractions was calculated according to the same protocol.
Laboratory measurements
Plasma glucose concentrations were measured using an enzymatic method (glucose oxidase) on a Vitros 950 analyser (Ortho Clinical Diagnostics, Rochester, NY, USA). HbA 1 c was measured with ion exchange HPLC (Bio-Rad). Total and HDL cholesterol, triglyceride and apoB concentrations were measured on a Dimension analyser with dedicated reagents (Dade Behring, Newark, DE, USA). ApoB was measured by immunoturbidimetry; the intraassay CV was <5% at 0.02 g/l. Free cholesterol was quantified on a Dimension analyser using reagents purchased from ImmunoChimie International (Bouffémont, France).
Esterified cholesterol was calculated as the difference between total and free cholesterol in each lipoprotein fraction.
Statistical analysis
Data are reported as means±SEM. Statistical calculations were performed using Statview software (SAS Institute, Cary, NC, USA). Quantitative data for the two groups of subjects were compared using the non-parametric MannWhitney U-test. A two-tailed p value of 0.05 was considered statistically significant.
Results
Glucose metabolism parameters Clinical and glucose metabolism parameters are presented in Table 1 Figure 2 shows the capillary glycaemia values in type 1 diabetic patients during the kinetic study, and indicates that glycaemic control was fair throughout the study. The mean glucose level during the day of the study was 8.33±2.00 mmol/l.
Plasma lipid parameters Plasma lipid concentrations are presented in Table 1 . The type 1 diabetic patients and control subjects had similar triglyceride levels during the kinetic study. The total, LDL and HDL cholesterol levels for the two groups were also comparable.
The composition of the different apoB-containing lipoprotein fractions is detailed in Table 2 . The VLDL particles in type 1 diabetic patients were 17% less triglyceride rich than those in control subjects (p=0.05). We observed a trend towards an increase in the amount of cholesteryl esters in VLDL in type 1 diabetic patients compared with control subjects, but this difference did not reach statistical significance. Compared with the control group, the VLDL triglyceride : cholesteryl ester ratio was 35% lower in the type 1 diabetic group (p=0.05). Levels of IDL triglycerides were 37% higher in the type 1 diabetic group than in the control group (p<0.01). We also observed a trend towards an increase in cholesteryl esters in IDL in type 1 diabetic patients compared with control subjects, but this difference did not reach statistical significance (p=0.08). The LDL triglyceride : apoB and triglyceride : cholesteryl ester ratios were 68 and 31% higher in type 1 diabetic patients than in control subjects, respectively. Figure 3 shows the plasma triglyceride and VLDL-, IDL-, and LDL-apoB concentrations of one representative subject throughout the kinetic study. The CVs for these parameters were 14, 15, 9 and 5%, respectively.
Kinetic data The apoB kinetic parameters are shown in Table 3 . The VLDL-, IDL-and LDL-apoB pools were not different between type 1 diabetic patients and control subjects in terms of the production rate and FCR for each lipoprotein subclass. For IDL and LDL, the proportion of particles directly synthesised by the liver was similar in type 1 diabetic patients and control subjects (data not shown).
Discussion
In this paper we report on the first stable isotope apoB kinetic study of the VLDL→IDL→LDL cascade in type 1 diabetic men treated with continuous subcutaneous insulin infusion. The apoB production rate and apoB FCR in our group of patients were similar to those in the control subjects for VLDL, IDL and LDL, despite significant differences in the composition of these lipoproteins.
We chose to study the metabolism of apoB in the postprandial state because this is the state most frequently experienced by humans over a 24-h period. The daily food intake was divided into small portions, with one portion taken every 2 h, starting at 6 h before the tracer perfusion in order to achieve a steady state of VLDL-, IDL-and LDLapoB concentrations throughout the kinetic study. The abnormalities in apoB-containing lipoprotein composition in our type 1 diabetic men are similar to those previously reported by others in patients with good-to-fair glycaemic control.
In our patients, VLDL particles were poor in triglycerides and rich in cholesteryl esters, though the change in the amount of the latter was not statistically significant. These results are consistent with previous studies [3, 4] . Insulin controls hepatic VLDL secretion via different mechanisms by decreasing the delivery of NEFA by adipose tissue, a substrate for hepatic triglyceride synthesis, and inhibiting the synthesis and secretion of VLDL particles by the liver. VLDL particles are assembled in hepatocytes in two steps. Initially, an apoB100-containing precursor, poor in triglycerides, is formed in the endoplasmic reticulum; this subsequently merges with a large droplet of triglyceride to form a triglyceride-rich, mature VLDL. Microsomal triglyceride transfer protein (MTP) facilitates the transfer of lipid, particularly triglycerides, throughout the membranes and is required for the two VLDL assembly steps. Insulin controls VLDL-apoB production by inhibiting MTP activity and by directing intracellular triglyceride into the intracytoplasmic storage compartment instead of into newly synthesised VLDL [16] [17] [18] .
Consistent with previous results [19] , the type 1 diabetic men and healthy control subjects in our study had similar VLDL-apoB production rates. This finding indicates that, in our type 1 diabetic subjects, portal insulinisation was sufficient to maintain a normal apoB production rate, despite the peripheral subcutaneous administration of insulin. In a previous study, type 1 diabetic patients with good glycaemic control under continuous subcutaneous insulin infusion were shown to have a reduced hepatic production rate of VLDL triglycerides compared with healthy subjects [4] . Taken together, these results suggest the coexistence of a decreased VLDL triglyceride production rate and a normal VLDL-apoB production rate in type 1 diabetic patients with good-to-fair glycaemic control under subcutaneous insulin infusion, which could explain the lower levels of VLDL triglycerides usually observed in these patients. This hypothesis is supported by the results of in vitro studies demonstrating that hepatocytes are able to secrete apoB-containing lipoproteins with variable triglyceride contents, depending on the intracellular availability of triglycerides [16] . Moreover, in humans, we know from simultaneous kinetic studies of VLDL triglycerides and apoB100 that variations in VLDL triglycerides and apoB production rates are not directly related [20, 21] . The reasons for the decreased production rate of VLDL triglycerides in type 1 diabetic patients treated with subcutaneous insulin are not fully understood. A simultaneous kinetic study of VLDL triglycerides and plasma NEFA is necessary to better understand the relationships between these two parameters in type 1 diabetic patients. Alternatively, a low VLDL triglycerides : apoB ratio could be attributable to increased lipoprotein lipase (LPL) activity. However, in several studies, type 1 diabetic patients and control subjects have been shown to have similar levels of LPL activity [22] [23] [24] . Moreover, if LPL activity were increased in type 1 diabetes mellitus, VLDL catabolism would be expected to be accelerated; however, this was not observed in the present study.
Triglyceride enrichment of LDL, another characteristic abnormality of lipoprotein composition in type 1 diabetes mellitus, was also observed in this study. This observation has previously been explained by a decrease in hepatic lipase activity in type 1 diabetic subjects treated with subcutaneous insulin. In these patients, hepatic lipase activity has been demonstrated to be inversely correlated with the LDL triglycerides : cholesterol ratio [23, 25] . The relative increase in the amount of LDL triglycerides could also be explained by the increased cholesteryl ester transfer protein activity demonstrated in these patients, especially if hepatic lipase activity is low [22, 26] . This reasoning is consistent with the observed trend towards cholesteryl ester enrichment of VLDL in our study. The triglyceride enrichment of LDL particles modulates the conformation of apoB, which, in turn, decreases the affinity of these particles for their receptor in vitro [27, 28] . Thus, one of the major aims of our work was to determine whether LDL triglyceride enrichment was associated with decreased LDL catabolism in type 1 diabetic patients. Our results did not indicate any modification of the FCR for LDL. In the previously mentioned studies demonstrating changes in the conformation of the apoB binding site to the LDL receptor at the surface of triglyceride-enriched LDL or a decreased affinity of these particles for their receptor, the LDL particles contained 2.5-3 times more triglycerides than the control LDL particles. In our type 1 diabetic patients, LDL triglyceride enrichment was less than twofold greater than in control subjects, which could explain why we did not observe any decrease in the LDL FCR. The triglyceride enrichment of LDL in type 1 diabetic patients is usually not as high as that observed in in vitro studies, but is similar to that observed in our in vivo study (less than twofold) [5, 6] . Thus, the LDL triglyceride enrichment observed in vivo in type 1 diabetes is not likely to modify LDL catabolism. The glycation of apoB100 is another abnormality that could decrease the affinity of LDL particles for their receptor in type 1 diabetic patients. Although we did not assess LDL glycation in the subjects participating in our study, it has previously been shown that, in diabetic patients with a good-to-fair glycaemic control, the difference in LDL glycation between patients and healthy subjects was small and we think that it is probably not sufficient to impair the LDL FCR [29] .
In conclusion, in type 1 diabetic men with fair glycaemic control under continuous subcutaneous insulin infusion administered by an external pump, the values of apoB100 kinetic parameters for all apoB100-containing lipoproteins are comparable to those observed in healthy control subjects. In these patients, VLDL with a poor triglyceride content is associated with a normal VLDL-apoB synthesis rate and FCR. Conversely, the triglyceride enrichment of LDL does not induce changes in the FCR for LDL-apoB. Thus, the increased cardiovascular risk in type 1 diabetic patients with fair glycaemic control cannot be related to quantitative or kinetic differences in apoB100-containing lipoproteins. The mechanisms underlying the development of atherosclerotic lesions in type 1 diabetes differ in some respects from those observed in type 2 diabetes. Indeed, type 2 diabetes, which is characterised by obesity and insulin resistance, is associated with a decreased LDL turnover rate and increased concentrations of VLDL and IDL particles, which are the result of increased production rates and decreased FCRs [8] .
